The TATA-binding protein TBP has been recently recognized as a general class III transcription factor. Using the gel shift assay to monitor initiation complex assembly on a yeast tRNA gene, we show that TBP is required for the TFIIIC-dependent assembly of TFIIIB. 
INTRODUCTION
The assembly of transcription initiation complexes on class HI genes requires multiple proteins, or transcription factors, and occurs in a sequential fashion (for reviews, see refs. 1-3). Schematically, assembly factors recognize specific promoter elements and promote DNA binding of a central transcription factor that directs specific initiation by RNA polymerase HI. This stepwise process (4) has been well studied in the case of yeast tRNA and 5S RNA genes (3) . In tRNA genes, the two intragenic promoter elements, the A and B blocks, are recognized by 1'hlilC (also known as r in yeast) which is a large ( -600 kDa), multisubunit protein constituted of two DNA-binding domains (5, 6 ). THllC-tDNA complexes then assemble the initiation factor TFIIIB to an upstream gene position (7) . Kassavetis and collaborators observed that TFIIIB-tDNA complexes, deprived of TFIIIC by heparin or high salt treatment, are fully competent for directing multiple rounds of transcription by RNA polymerase m (7, 8) . These observations underscored the great stability of TFIHB-tDNA complexes, once formed, and the pivotal role of this factor in the initiation process. What is remarkable is the fact that TFIIIB by itself does not bind detectably DNA, and does not seem to require a specific DNA binding sequence upstream of the transcription start site (1, 7) .
The active components of TFIIIB are not yet clearly identified. Yeast TFIIIB activity has been resolved in two protein fractions, both required for initiation complex assembly (9, 10) . Two distinct polypeptide chains, with apparent molecular weights of 70,000 and 90,000, were identified by photocrosslinking in TFIIIB-tDNA complexes and correlated well with the DNA binding and transcription activities of TFIIIB (10) . These photocrosslinking experiments, however, may not have revealed all the polypeptide components of TFIIIB. Indeed, even after several chromatographic steps, yeast TFIIIB was found to contain the TATA box binding protein TBP (11) , and recent biochemical and genetic evidence revealed the general role of TBP as a class EQ transcription factor (12) (13) (14) , including for class HI genes with no distinct TATA boxes. The role of TBP in transcription of class III genes is unclear. By analogy with its role in class II genes, one can imagine that it plays a central role in the assembly of TFIIIB. In the present work, using a gel shift assay, we show that addition of recombinant TBP is required for stable assembly of TFIIIB on a tRNA gene.
MATERIALS AND METHODS
Transcription factors and RNA polymerase HI Yeast TFIIIC (factor T) was purified by phosphocellulose, heparin-ultrogel, DEAE-Sephadex and tDNA-affinity chromatography (5) . Highly purified yeast RNA polymerase HI was prepared as described (15) . Yeast TFIIIB activity was purified successively by phosphocellulose and heparin-ultrogel (5), followed by Q-Sepharose chromatography. Active fractions from heparin-ultrogel (45 mg proteins in 40 ml) were applied at 70 ml/h to a Q-Sepharose column (1.6x7 cm) equilibrated in buffer A (20mM Tris-HCl pH8, 10 mM dithiothreitol, lmM EDTA, 50 mM ammonium sulfate, 0.1 mM PMSF, 20% (V/V) glycerol). The column was washed with the same buffer, then proteins were eluted stepwise with buffer A containing 0.15 M then 0.3 M ammonium sulfate (see Fig. 1 ). Fractions were assayed for transcription activity on U 6 snRNA or tRNA 01 " genes as indicated below and for the presence of TBP by western blotting using polyclonal antibodies directed to yeast TBP (a gift from J.M.Egly, Strasbourg). Yeast recombinant TBP expressed in E.coli cells was purified to near homogeneity as described by Burton et al. (16) . Human recombinant TBP was kindly provided by M.Yaniv (Institut Pasteur, Paris).
Transcription and gel retardation assays Transcription assays were performed under previously described conditions (17) using two different templates: pTaq6 DNA that harbors the U 6 snRNA gene deprived of the B block located downstream of the termination signal (18) or pYtG-wt DNA containing the tRNA au gene (19) . Transcripts were analyzed by electrophoresis (11) .
Transcription factor-tDNA complexes were analyzed by native gel electrophoresis essentially as described by Kassavetis et al. (8) . Binding reactions contained 2 frnol of gel purified Bam HIAlul fragment of pRBl containing the SUP4 tRNA Tvr gene (260 bp, 3' end-labeled at the Bam HI site), 40 ng TFIEC, and, when indicated, TFTTIB (TBP) (2 /ig, heparin-ultrogel fraction), or TFIIIB (1.2 ng of fraction 48 after Q-Sepharose chromatography, or 0.9 /ig after a second cycle of Q-Sepharose), and recombinant TBP. Binding reactions were carried out for 45 min at 25°C in 20 jtl of binding buffer containing 10 mM Tris pH 8, 1 mM EDTA, 120 mM KC1, 0,8 /*g serum albumin, and carrier pUC19 DNA. Carrier DNA was added to the protein fractions to prevent non-specific retention of the probe on top of the gel, using approximately a 2 : 1 (w/w) ratio of protein and carrier DNA (5) . For treatment with anti-TBP antibodies, binding mixtures were first incubated for 10 min, and then supplemented with Protein A-purified polyclonal antibodies as indicated in Fig. 2 , and further incubated for 50 min at 25°C. Control rabbit antibodies were similarly purified on Protein A from nonimmune sera. To generate the heparin-resistant complexes (8), 2 /xg heparin were added 5 min before the end of the incubation period and the samples were directly loaded on the gel. Protein-tDNA complexes were separated by non-denaturing gel electrophoresis in 5% polyacrylamide gels (5) . The notation TFTIIB(TBP) is used whenever fractions with TFU1B activity contained TBP.
RESULTS
In previous work on the reconstitution of a transcription system for the U 6 snRNA gene, we size-fractionated TFIHB activity by gel filtration in high salt and resolved two components (apparent size, 130 kDa and 30 kDa) that were both required for U 6 snRNA synthesis (11) . We found that the fraction containing the small component could be replaced by recombinant TBP. The protein fraction with the large component was sufficient for directing tRNA synthesis, though with somewhat lower efficiency, and therefore contained TFUIB. As recent biochemical and genetic evidence demonstrated a role of TBP in tRNA synthesis (12) (13) (14) , we suspected that the gel filtration step had not entirely removed TBP from TFQIB. To investigate the role of TBP in initiation complex assembly, we had to use a different strategy to reconstitute a TBP-dependent tRNA transcription system. TFIHB was purified successively by phosphocellulose, heparin-Ultrogel and Q-Sepharose chromatography. By immunoblotting, we determined that TBP was eluted from the heparin column at 0.27 M ammonium sulfate, together with TFUIB activity as assayed by transcription of tRNA genes (not shown). It also slightly contaminated the early fractions of the TFIIIC peak (eluted at 0.33 M salt), but not RNA polymerase HI (eluted at 0.4 M). When the pool of TFTIIB(TBP) activity was applied to the Q-Sepharose column, the highly basic TBP was found in the flowthrough (FT) as evidenced by immunoblotting (not shown), while TFUJB was recovered by step elution with 0.15 M salt (Fig. 1) . The 0.15 M peak had to be supplemented with die flowthrough to transcribe the U 6 snRNA gene (SNR6). The FT fraction contained no odier essential component than TBP, as it could be efficiently replaced by purified recombinant TBP (see Fig. 1 ). No further stimulation (or inhibition) was brought about by the protein fraction eluted at 0.3 M salt (not shown). Using the tRNA au gene as template, there was a low level of transcription witfi fraction 48 alone (Fig. 1, lanes 1 and 2) , but transcription was strongly stimulated by recombinant TBP (lanes 3 and 4) .The TFIIIB peak possibly retained traces of TBP, although it could not be detected by immunoblotting (not shown). A second cycle of Q-Sepharose chromatography did not remove the background of transcription activity on tRNA genes. A small percentage of TBP might remain associated with TFIIIB, or TFllIB may be able to weakly promote tRNA gene transcription even in the absence of TBP.
The gel shift assay was used to monitor the assembly of the initiation complex on the tRNA Tvr SUP4 gene ( Fig. 2A) . As first described by Kassavetis et al. (8) , incubation of TFlECtDNA complexes (complex 1; lane 2) with TFWB(TBP) (heparinUltrogel fraction) induces a supershift in complex migration that corresponds to the formation of the TFIIIB-TFmC-tDNA complex (complex 2; lane 3). Heparin treatment of this ternary complex dissociates selectively TFITJC to give the fast migrating TFTHB-tDNA complex (complex 3; lane 9), as reported (8) . To detect the presence of TBP, we analyzed the effect of anti-TBP polyclonal antibodies on the migration of the ternary complexes. Depending on their concentration, the antibodies had multiple effects: a reduction in the amount of complex 2 (lane 4), the dissociation of ThlllB (as evidenced by the formation of complex 1) (lane 5), or the disappearance of all complexes and the formation of tDNA-protein aggregates at the top of the gel (lanes 5 to 7). After antibody treatment, heparin addition did not generate the fast migrating TFllLB-tDNA complex (lanes 10 and 11). Control antibodies did not affect complex migration (lanes 8 and 12). These observations suggested the presence of TBP in the protein-tDNA complexes. However, they did not establish a role for TBP in complex formation. Furthermore, TBP has 
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When similar gel retardation experiments were conducted with TFmB deprived of TBP on Q-Sepharose (fraction 48 in Fig. 1) , there was no supershift of TFTHC-tDNA complex (Fig. 2A,  compare lanes 13 and 14) . On the other hand, complex 2 was formed efficiently upon addition of both fraction 48 and recombinant TBP (lane 15), which correlated well with the recovery of transcription activity as shown in Fig. 1 . Heparin treatment of complex 2 formed with recombinant TBP generated a fast migrating complex indistinguishable from the TFIHB-tDNA complex described earlier (compare lanes 16 and 9 or 12) (8).
The experiment shown in Fig. 2B examined the ability of TBP to interact with the tDNA probe, alone or in combination with TFmB or with TFmC. Under the conditions used, purified recombinant TBP (3 ng or 30 ng) did not affect the migration of the tDNA probe (lanes 2 and 3) . Similarly TFmB (QSepharose fraction 48) had no detectable DNA binding property Qane 4). The mixture of TFmB and TBP (3 ng or 30 ng) also did not alter the migration of the tDNA probe (lanes 5 and 6). Incubation of TBP with TFmC-tDNA complex induced a slight shift in migration that was observed repeatedly (lane 8), but the supershift (complex 2) was only obtained upon addition of TBP and TFmB (lanes 10 and 11). As already mentioned, TFmB alone did not bind stably to the TFIIIC-tDNA complex (lane 9). We wondered whether TFmB depleted of TBP could give rise to an heparin-resistant complex. This was not the case (compare lane 12, TFTJJC alone, and lane 13, TFmC + TFmB). Formation of the heparin-resistant complex (complex 3) required preincubation of the three components, TFmC, TFIIIB and TBP (lanes 14 and 15) . Note that the migration of complexes 2 and 3 (as well as that of free tDNA) was not changed by addition of a 10-fold excess of TBP (30 ng).
Previous experiments demonstrated that yeast TBP could replace the human factor for transcription from a class II promoter in a reconstituted human system (20, 21) . In the experiment shown in Fig. 3 , we compared the ability of yeast and human recombinant TBP to generate complex 2 and the heparin-resistant complex. Human TBP was found to be able to assemble yeast Transcription factors-tDNA complexes were formed and analyzed by electrophoresis as described in Materials and Methods. Lane 1, tDNA 1^ probe; 2, TFIIIC-tDNA complex; 3, TFinC-TFIDB-tDNA (complex 2); lanes 4, 5, 6, 7, complex 2 incubated with 0.25, 0.5, 1 and 2 jig anU-TBP antibodies, respectively; 8, complex 2 incubated with 2 pg control antibodies; lanes 9, complex 2 treated with heparin (to give complex 3); lanes 10, 11, 12, heparin treatment of mixtures 6,7 and 8, respectively. Heparin-ultrogel IH11B(TBP) was used in lanes 3 to 12. 
DISCUSSION
The class in transcription factor known as TFIHB has proven difficult to purify (22, 23) . It is now becoming clear that TFHIB activity involves several components that can be separated by conventional methods at least from yeast cells. This explains the loss of TFTIIB activity experienced during purification. Geiduschek and his collaborators separated ThlllB into two fractions called B' and B" (9) , each containing a distinct polypeptide (70 kDa and 90 kDa) identified by DNA crosslinking (10) . We also showed that TFIHB fractions contain TBP (11) .
In the present work, using a simple chromatographic step to separate TBP from ThlllB, we were able to show that purified recombinant TBP participates in assembly of initiation complexes on a tRNA gene. TFIHB-TFmC-tDNA complexes cannot be stably formed in the absence of TBP. Similarly, the TFIQCdependent formation of the heparin-resistant TFIUB-tDNA complex also requires TBP. How TBP participates in TFIHB assembly is still unclear. One question was whether it does so by becoming an integral part of the initiation complex or by catalyzing TFULB assembly without remaining in the complex. Taking advantage of the difference in size between yeast and human TBP, we obtained evidence that TBP is part of the heparin-resistant complex. This conclusion is confirmed by the observation that polyclonal antibodies directed to TBP not only interfere with the migration of the complex TFmC-TFIUB-TBP-tDNA, but also are able to dissociate ThlllB (see Fig. 2 , lane 5). All this indicates that TBP is part of the complex and is crucial to confer the striking stability of the ThlllB-TBP-tDNA complex. It has been shown that ThlllB (TBP) bends DNA (24) . This property could be due to TBP since the yeast and human TBP were found to induce DNA bending upon binding to the TATA element (25) . This would imply that TBP contacts DNA upstream of tRNA genes, but this remains to be demonstrated.
The role of TBP in initiation complex assembly raises the question of the interactions engaged by this factor with the other transcription factors, TFmC and ThlllB, and of the stage at which TBP enters the complex. Recently, the 70 kDa component of ThlllB has been cloned as a suppressor of a block A mutation in a tRNA gene (26) and as a multicopy suppressor of TBP mutations (27, 28) . The latter observation suggests a direct interaction between TBP and the 70 kDa component of ThlllB. Hence, the binding of TBP to ThlllB and tDNA could contribute to lock into place the TFIIIB-TBP-TFmC-tDNA complex. On the U6 snRNA gene, a strong interaction of TBP with the TATA sequence would facilitate the correct assembly of ThlllB in the absence of TFHIC (11) .
